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ABSTRACT 
 
Polyculture agroforestry is a new sustainable agriculture system modelled on the plant 
structural and species diversity of native oak savanna. Advocates of the system claim that it will 
advance conservation goals by providing ecosystem services like habitat provision and carbon 
sequestration, but also provide localized ecosystem services that benefit farmers. Pest control 
by wild predators and parasitoids could be an especially valuable service in fruits and nuts, the 
main cash crops in polyculture agroforestry systems.  
To understand how diverse agroforestry’s unique traits would affect pest control, I 
evaluated the response of arthropod pest and natural enemy guilds to variations in shrub layer 
composition and alley mowing. Shrub composition affected guilds on shrubs but had little effect 
on arthropods in neighboring apple trees. Pest guilds linked to apple damage were not affected 
by shrub composition, and pest damage rates were unchanged. Mowing did cause arthropods in 
groundcover to use shrubs and trees as refuge habitat. However, the shrubs and trees that 
offered suitable refuge were alternate hosts to pest insects. Mowing thus increased abundance 
of pests but not enemies, likely resulting in higher rates of pest damage rather than the 
opposite. I found no evidence that either strategy has potential to improve pest outcomes.  
Overall, I conclude that pest management in polyculture agroforestry systems is likely to 
be an obstacle for farmers rather than a boon. This fact should be made clear to potential 
adopters of the system, and future designs should choose crops that are tolerant or immune to 
pest damage to the extent possible.  
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CHAPTER 1: PRIMARY INTRODUCTION 
The corn-soy agroecosystem covering much of the Midwest is an important part of the US 
economy and food supply, but it is associated with major environmental impacts, from habitat 
loss to greenhouse gas emissions and nutrient runoff (Mitsch et al. 2001; Parkin and Kaspar 
2006; Johnson et al. 2010; Wright and Wimberly 2013). Modifications to this system, including 
transgenic pest resistance and the adoption of conservation tillage, have mitigated these 
impacts to some extent (Carpenter et al. 2002; Brookes and Barfoot 2013). However, 
agroecosystems that confer habitat value and limit offsite impacts tend to be less productive 
and profitable (Krebs et al. 1999; Donald et al. 2001), and increasing agricultural productivity 
still requires a tradeoff with other ecosystem services (Phalan et al. 2011). Widespread 
environmental problems thus persist, and there remains a need for transformative alternative 
systems that optimize this tradeoff more favorably for the environment (Robertson and 
Swinton 2005; Tscharntke et al. 2005). One promising strategy to improve this tradeoff, known 
as ecological intensification, is to apply farm-scale ecosystem services to increase yield and 
reduce costs (Bommarco et al. 2013).  
Ecological intensification has broadly pursued two contrasting approaches (Tittonell 
2014). One incorporates small modifications to conventional agricultural practice to achieve 
specific improvements in variables like pest damage or soil fertility. The other, known as 
Natural Systems Agriculture (Jackson 2002), starts by examining historic habitat types and 
designing agricultural systems that mimic their structure and processes (Ewel 1999; Jackson 
2002; Malézieux 2012). In the Midwest, Natural Systems Agriculture has been modelled 
primarily on the oak (Quercus spp.) savanna ecosystem historically present from Wisconsin to 
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Texas (Nuzzo 1986). This work was initiated by Wisconsin farmer Mark Shepard, whose on-farm 
trials and book, Restoration Agriculture (Shepard 2013), have inspired several regional 
academic and advocacy groups to research and improve technologies, crop varieties, and 
planting designs for the Midwest (Lovell et al. 2017). In a research context, Shepherd’s design 
has been referred to as diverse agroforestry (Stanek et al. 2016). While it is nominally an “oak 
savanna mimic,” in practice diverse agroforestry includes few to no native plants and has no 
role for fire, a key disturbance in savanna ecology (Tester 1989).  
While its mimicry of oak savanna is limited, diverse agroforestry closely resembles alley 
cropping, an agroforestry practice with crop trees planted in rows and annual or herbaceous 
crops between them (Garrett and Buck 1997). Building on an alley cropping design, diverse 
agroforestry takes a kitchen-sink approach to ecological intensification, incorporating flowering 
ground covers and no-till perennial plantings and maximizing plant structural diversity. Many of 
these techniques have consistent and well-established environmental benefits like carbon 
sequestration and pollution reduction (Jose 2009; Nájera and Simonetti 2010), but there is 
much less evidence that they will also benefit farmers financially. Crop diversity confers some 
resistance to economic and environmental shocks, but it also involves forgoing profits from 
maximizing yield of high-value crops when growing conditions are favorable (Lin 2011; Gaudin 
et al. 2015). Planting multiple crops may require farmers to use multiple sets of equipment, 
monitor for multiple pest and disease complexes, and juggle multiple timelines of management 
and harvest activities. In order for a diverse system to be viable, the value of ecosystem services 
must outweigh the costs of managing a more complex system.  
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CONSERVATION BIOLOGICAL CONTROL 
In diverse agroforestry systems, tree crops consist primarily of fruits and nuts. Markets for 
these crops have low tolerance for both pest damage and pesticide residues (Yue et al. 2009), 
so pest control techniques that rely on ecological rather than chemical mechanisms have a 
potentially high value for growers. Many such techniques fall under the umbrella of 
conservation biological control, management changes and habitat modifications that augment 
the capacity of wild arthropod predators and parasitoids (known as natural enemies), rather 
than lab-reared individuals, to predate pests (Begg et al. 2016). Conservation biological control 
is appealing because it provides recurring benefits but requires minimal management and few 
recurring expenses (Cullen et al. 2008).  
Minimizing the use of pesticides, synthetic fertilizers, and plowing to reduce harm to 
natural enemies is the first step in conservation biological control (Garratt et al. 2011). 
However, these measures are insufficient if natural enemies are not present regionally or don’t 
move into farms. In such cases, conservation biological control attempts to augment 
populations of natural enemies by providing resources and facilitating the movement of 
enemies from habitat patches into crop fields (Landis et al. 2000). This is achieved by replacing 
habitat features lost to agricultural intensification including plant diversity (Letourneau et al. 
2011), hedgerows (Morandin et al. 2011), raised grass strips (MacLeod et al. 2004), wildflower 
strips (Haaland et al. 2011), and semi-natural areas near farms (Veres et al. 2013). As a mimic of 
native habitat types, diverse agroforestry builds these features from crop plants, so they are 
spread uniformly throughout the field. For instance, diverse agroforestry includes rows of shrub 
crops interspersed with tree crops, functionally analogous to hedgerows or a savanna shrub 
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layer. Space between rows is planted in a perennial groundcover of grasses and flowering 
plants, harvested as hay. Collectively, these elements form a three-layer structure comparable 
to the open canopy structure of an oak savanna.  
While diverse agroforestry includes many elements intended to bolster conservation 
biological control, it is not clear that any of them are reliably effective, and they may even 
counteract each other or combine to increase pest damage. Tscharntke et al. (Tscharntke et al. 
2016) identified five mechanisms that commonly impede conservation biological control, three 
of which are relevant to diverse agroforestry: a lack of natural enemy species that predate a 
given pest, modifications that benefit pests more than enemies, and modifications that only 
have marginal impacts on natural enemy communities. Research to date has explored these 
mechanisms extensively in annual crops but rarely in perennial crops (Trenbath 1993; 
Theunissen 1994; Letourneau et al. 2011), so there is not a large body of evidence by which to 
judge how problematic these three issues will be in diverse agroforestry systems. To anticipate 
how vegetation-mediated arthropod community interactions might play out in a three-layer 
diverse agroforestry system, we must extrapolate by integrating research on alley groundcover 
and tree crops with studies on shrub crops and tree crops.  
ALLEY GROUNDCOVER AND TREE CROPS 
Alleys, or the spaces between tree rows in orchards and timber plantations, are a popular 
location for interplanting vegetation to attract natural enemies. Alley space is not typically used 
for crops, and can be altered to favor enemies without sacrificing income. Carefully selected 
plant assemblages can aid natural enemies by providing alternative prey, pollen, nectar, and 
microhabitats that offer shelter from intra-guild predation (Bugg and Waddington 1994; Simon 
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et al. 2010). These resources allow many alley crops to consistently accumulate a higher density 
and diversity of natural enemies than weedy groundcover or bare soil (Altieri and Schmidt 
1985; Bugg and Dutcher 1989; Bugg and Ellis 1990; Wyss 1996; Silva et al. 2010). However, to 
affect pest damage rates, natural enemies in groundcover vegetation must first disperse into 
tree crops. Under some circumstances, natural enemies in alley vegetation do move into tree 
canopies and reduce pest pressure (Altieri and Schmidt 1985; Haley and Hogue 1990; Wyss 
1995; Wyss et al. 1995), but it has proven difficult to identify conditions that reliably reproduce 
that effect. The dispersal of enemies into tree canopies is not necessarily sufficient to reduce 
pest populations, since predators can predate each other as much as pests (Symondson et al. 
2002; Michalko et al. 2017), and pest species may also benefit from the resources provided by 
alley vegetation (Wyss 1996; Bell et al. 2006; Wan et al. 2014). In some cases, predation can 
increase without reducing pest abundance (Fréchette et al. 2008; Markó et al. 2012). In other 
cases, decreases in pest abundance are not sufficient to avoid economically unacceptable 
damage rates (Brown and Glenn 1999; Eilers and Klein 2009).  
Thus, while existing literature suggests that groundcover crops can result in improved 
pest outcomes for tree crops, the success of any planting can be impeded at many points in a 
chain of ecological mechanisms. Some of these limiting factors could be overcome by simple 
management activities. For instance, disturbing alleys by mowing and harvesting hay, a routine 
activity in agroforestry systems with pasture crop alleys, may increase dispersal into tree crops. 
Mowing does cause some direct mortality to alley arthropods, but most reduction in abundance 
and diversity occurs in the aftermath of mowing as arthropods disperse to seek intact habitat 
(Buri et al. 2013). In pasture crops, these dispersing individuals can be retained within fields by 
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leaving strips of unmown vegetation. This strategy concentrates arthropods in refuge strips 
while mown areas recover, though it concentrates pests as well as natural enemies (Nentwig 
1988; Weiser et al. 2003). In agroforestry systems, tree and shrub crop rows are de facto refuge 
habitat when alleys are mown, but it is unclear to what extent pasture crop insects might use 
woody crops as alternative habitat or what net effect this might have on pest abundance. 
Research on this question is limited and ambiguous. On one hand, predatory mite 
dispersal to tree canopies has been increased by herbicide application to remove groundcover 
weeds (Flexner et al. 1991), suggesting that mowing could have a comparable effect. 
Conversely, more frequent mowing has been shown to reduce dispersal into trees on average 
across the growing season (Horton et al. 2003). However, the short-term response of 
arthropods in trees has not been reported, and the question has not been investigated at all in 
shrub vegetation, to my knowledge. 
SHRUB CROPS AND TREE CROPS 
If natural enemies in herbaceous groundcover have limited propensity to disperse into tree 
canopies, additional woody vegetation may be a more promising habitat modification (Simon et 
al. 2010; Paredes et al. 2015). Forests, hedgerows, other orchards, and interplanted tree and 
shrub crops can all be valuable sources of natural enemies that favor tree canopy habitats. Of 
these, existing research focuses chiefly on hedgerows (Bianchi et al. 2006). Compared to 
arthropod communities in herbaceous groundcover, communities in hedgerows have greater 
ratios of natural enemies to pests (Morandin et al. 2011; Gareau et al. 2013), and greater 
resemblance to natural enemy communities in tree crops (Tuovinen 1994; Coli et al. 1994; 
Rieux et al. 1999). However, dispersal is still a limiting factor for natural enemies in hedgerows. 
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Hedgerows often fail to influence tree crop arthropod communities in experimental settings 
(Paoletti et al. 1997; Martini et al. 2015), and when they do, effects are limited to field margins 
near hedgerows (Debras et al. 2008).  
Dispersal limitations could be circumvented by planting woody vegetation in orchards 
directly. This solution is rarely considered because while non-crop species can improve pest 
outcomes on crops, they also frequently reduce yield, through reduced crop density or 
competition (Letourneau et al. 2011). Interplanting high-value market crops rather than non-
crop shrubs avoids this loss of yield. Among woody crops, only peach trees, which provide 
nectar to natural enemies via extrafloral nectaries on leaf petioles, have been assessed for this 
role. Extrafloral nectaries increase natural enemy density and reduce herbivory on peach leaves 
and fruit (Mathews et al. 2007, 2009). This protective effect can extend to nearby trees of other 
species (Brown 2001; Brown and Schmitt 2001). However, the extent to which tree and shrubs 
without extrafloral nectaries accumulate natural enemies that disperse into tree crops to 
control pests has yet to be established. 
To date, only one research group has integrated groundcover and shrub vegetation into 
a single model of tree crop pest control. Paredes et al. (Paredes et al. 2013aa) modeled enemy 
communities in olive (Olea europaea) orchards as they related to unmanaged patches of 
herbaceous vegetation, shrubs, or trees. They found a complex array of interactions between 
vegetation elements, but a consistently positive effect of groundcover on natural enemies. 
When groundcover was present, nearby woody vegetation was synergistic, increasing spider 
and parasitic wasp abundance more than groundcover alone. While groundcover had the 
strongest effect on enemy abundance, only shrubby woody vegetation made a discernible 
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impact on pest abundance (Paredes et al. 2013bb). These results illustrate that in a three-layer 
system, research must incorporate both groundcover and shrub layers, and quantify effects on 
pests and pest damage as well as enemies. Without such a comprehensive approach, we risk 
overlooking important effects, misinterpreting results, and supporting counterproductive 
tactics. 
RESEARCH GOALS AND QUESTIONS 
Despite increasing interest in agroforestry, multi-strata agroforests in temperate climates 
remain essentially unstudied. In collaboration with the Savanna Institute, a non-profit 
promoting diverse agroforestry in the Midwest (savannainstitute.org), researchers at the 
University of Illinois Urbana-Champaign (UIUC) recently launched a multi-pronged effort called 
the “Agroforestry for Food” research group to address this knowledge gap and provide support 
to Midwest farmers interested in diverse agroforestry (Lovell et al. 2017). My research was 
conducted at the Woody Perennial Polyculture Research Site (WPP) at UIUC, which was 
established in 2012 and is the first experimental planting of its type of multi-strata agroforestry 
in the Midwest. The site compares a high-diversity agroforestry system that includes four shrub 
species, two tree species, one vine, and grass-clover alley vegetation, to a conventionally 
managed corn-soy rotation control. At two ha and with only one agroforestry treatment, WPP 
is smaller and provides fewer opportunities to explore variations in planting design than newer 
sites at UIUC and in the Savanna Institute’s case study program. However, it has mature, dense 
growth of shrub crops and fruit-bearing tree crops not yet available on other research plots. 
Routine research activities on the site provide data on soil nutrient and water use, insect 
communities, and plant growth, as well as economic factors including labor input and yield.  
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I evaluated the effects of shrub crop diversity and alley hay mowing on pest abundance, 
natural enemy communities, and tree crop pest damage. I used vacuum sampling to assess 
arthropod community composition on shrubs and trees throughout the growing season and 
before and after mowing events. Using information theoretic model selection, I determined 
which shrub and alley variables best explained abundance of each arthropod guild in shrubs 
and trees. If guild abundance patterns were consistent between shrubs and adjacent trees, this 
was considered evidence of a spillover effect attributable to shrub cover. I also tested 
associations between season-long guild abundances and apple pest damage rates at harvest to 
assess the economic significance of observed effects on pest ecology. These analyses 
collectively pose the following questions, the answers to which will help farmers and 
researchers evaluate the viability of diverse agroforestry as it exists now and identify 
modifications that could improve pest outcomes in future designs: 
Chapter 2: Can changing shrub crop composition and diversity mitigate pest damage in 
tree crops by reducing pest and increasing natural enemy abundance? 
Chapter 3: How does mowing alley hay affect the relative abundance of pests and 
natural enemies in a variety of shrub and tree crops?  
10 
 
REFERENCES 
 
Altieri MA, Schmidt LL (1985) Cover crop manipulation in northern California orchards and 
vineyards: effects on arthropod communities Biological Agriculture & Horticulture 3:1-
24 
Begg GS et al. (2016) A functional overview of conservation biological control Crop Protect 
97:145-158 
Bell V, Brightwell R, Lester P (2006) Increasing vineyard floral resources may not enhance 
localised biological control of the leafroller Epiphyas postvittana (Lepidoptera: 
Tortricidae) by Dolichogenidea spp. (Hymenoptera: Braconidae) parasitoids Biocontrol 
Sci Technol 16:1031-1042 
Bianchi FJ, Booij C, Tscharntke T (2006) Sustainable pest regulation in agricultural landscapes: a 
review on landscape composition, biodiversity and natural pest control Proceedings of 
the Royal Society of London B: Biological Sciences 273:1715-1727 
Bommarco R, Kleijn D, Potts SG (2013) Ecological intensification: harnessing ecosystem services 
for food security Trends Ecol Evol 28:230-238 
Brookes G, Barfoot P (2013) Key environmental impacts of global genetically modified (GM) 
crop use 1996–2011 GM Crops & Food 4:109-119 
Brown M, Glenn D (1999) Ground cover plants and selective insecticides as pest management 
tools in apple orchards J Econ Entomol 92:899-905 
Brown M, Schmitt J (2001) Seasonal and diurnal dynamics of beneficial insect populations in 
apple orchards under different management intensity Environ Entomol 30:415-424 
Brown MW (2001) Flowering ground cover plants for pest management in peach and apple 
orchards IOBC WPRS Bulletin 24:379-382 
Bugg R, Ellis R (1990) Insects associated with cover crops in Massachusetts Biological 
Agriculture & Horticulture 7:47-68 
Bugg RL, Dutcher JD (1989) Warm-season cover crops for pecan orchards: horticultural and 
entomological implications Biological Agriculture & Horticulture 6:123-148 
Bugg RL, Waddington C (1994) Using cover crops to manage arthropod pests of orchards: a 
review Agric, Ecosyst Environ 50:11-28 
Buri P, Arlettaz R, Humbert J-Y (2013) Delaying mowing and leaving uncut refuges boosts 
orthopterans in extensively managed meadows: Evidence drawn from field-scale 
experimentation Agric, Ecosyst Environ 181:22-30 
Carpenter J, Felsot A, Goode T, Hammig M, Onstad D, Sankula S (2002) Comparative 
environmental impacts of biotechnology-derived and traditional soybean, corn, and 
cotton crops. Council for Agricultural Science and Technology, Ames, Iowa. www. cast-
science. org. Sponsored by the United Soybean Board. www. unitedsoybean. org,  
Coli WM, Ciurlino RA, Hosmer T (1994) Effect of understory and border vegetation composition 
on phytophagous and predatory mites in Massachusetts commercial apple orchards 
Agric, Ecosyst Environ 50:49-60 
Cullen R, Warner KD, Jonsson M, Wratten SD (2008) Economics and adoption of conservation 
biological control Biol Control 45:272-280 
11 
 
Debras J-F, Senoussi R, Rieux R, Buisson E, Dutoit T (2008) Spatial distribution of an arthropod 
community in a pear orchard (southern France): Identification of a hedge effect Agric, 
Ecosyst Environ 127:166-176 
Donald P, Green R, Heath M (2001) Agricultural intensification and the collapse of Europe's 
farmland bird populations Proceedings of the Royal Society of London B: Biological 
Sciences 268:25-29 
Eilers EJ, Klein A-M (2009) Landscape context and management effects on an important insect 
pest and its natural enemies in almond Biol Control 51:388-394 
Ewel JJ (1999) Natural systems as models for the design of sustainable systems of land use 
Agroforestry Systems 45:1-21 
Flexner J, Westigard P, Gonzalves P, Hilton R (1991) The effect of groundcover and herbicide 
treatment on twospotted spider mite density and dispersal in southern Oregon pear 
orchards Entomol Exp Appl 60:111-123 
Fréchette B, Cormier D, Chouinard G, Vanoosthuyse F, Lucas E (2008) Apple aphid, Aphis 
spp.(Hemiptera: Aphididae), and predator populations in an apple orchard at the non-
bearing stage: The impact of ground cover and cultivar Eur J Entomol 105:521 
Gareau TLP, Letourneau DK, Shennan C (2013) Relative densities of natural enemy and pest 
insects within California hedgerows Environ Entomol 42:688-702 
Garratt M, Wright D, Leather S (2011) The effects of farming system and fertilisers on pests and 
natural enemies: a synthesis of current research Agric, Ecosyst Environ 141:261-270 
Garrett HG, Buck L (1997) Agroforestry practice and policy in the United States of America For 
Ecol Manage 91:5-15 
Gaudin AC, Tolhurst TN, Ker AP, Janovicek K, Tortora C, Martin RC, Deen W (2015) Increasing 
crop diversity mitigates weather variations and improves yield stability PloS One 
10:e0113261 
Haaland C, Naisbit RE, Bersier LF (2011) Sown wildflower strips for insect conservation: a review 
Insect Conservation and Diversity 4:60-80 
Haley S, Hogue E (1990) Ground cover influence on apple aphid, Aphis pomi DeGeer 
(Homoptera: Aphididae), and its predators in a young apple orchard Crop Protect 9:225-
230 
Horton DR et al. (2003) Effects of mowing frequency on densities of natural enemies in three 
Pacific Northwest pear orchards Entomol Exp Appl 106:135-145 
Jackson W (2002) Natural systems agriculture: a truly radical alternative Agric, Ecosyst Environ 
88:111-117 
Johnson JM, Archer D, Barbour N (2010) Greenhouse gas emission from contrasting 
management scenarios in the northern Corn Belt Soil Sci Soc Am J 74:396-406 
Jose S (2009) Agroforestry for ecosystem services and environmental benefits: an overview 
Agroforestry Systems 76:1-10 
Krebs JR, Wilson JD, Bradbury RB, Siriwardena GM (1999) The second silent spring? Nature 
400:611-612 
Landis DA, Wratten SD, Gurr GM (2000) Habitat management to conserve natural enemies of 
arthropod pests in agriculture Annu Rev Entomol 45:175-201 
Letourneau DK et al. (2011) Does plant diversity benefit agroecosystems? A synthetic review 
Ecol Appl 21:9-21 
12 
 
Lin BB (2011) Resilience in agriculture through crop diversification: adaptive management for 
environmental change Bioscience 61:183-193 
Lovell ST, Dupraz C, Gold M, Jose S, Revord R, Stanek E, Wolz KJ (2017) Temperate agroforestry 
research: considering multifunctional woody polycultures and the design of long-term 
field trials Agroforestry Systems:1-19 
MacLeod A, Wratten S, Sotherton N, Thomas M (2004) ‘Beetle banks’ as refuges for beneficial 
arthropods in farmland: long‐term changes in predator communities and habitat Agric 
For Entomol 6:147-154 
Malézieux E (2012) Designing cropping systems from nature Agronomy for Sustainable 
Development 32:15-29 
Markó V, Jenser G, Mihályi K, Hegyi T, Balázs K (2012) Flowers for better pest control? Effects of 
apple orchard groundcover management on mites (Acari), leafminers (Lepidoptera, 
Scitellidae), and fruit pests Biocontrol Sci Technol 22:39-60 
Martini X, Pelz-Stelinski KS, Stelinski LL (2015) Absence of windbreaks and replanting citrus in 
solid sets increase density of Asian citrus psyllid populations Agric, Ecosyst Environ 
212:168-174 
Mathews CR, Bottrell DG, Brown MW (2009) Extrafloral nectaries alter arthropod community 
structure and mediate peach (Prunus persica) plant defense Ecol Appl 19:722-730 
Mathews CR, Brown MW, Bottrell DG (2007) Leaf extrafloral nectaries enhance biological 
control of a key economic pest, Grapholita molesta (Lepidoptera: Tortricidae), in peach 
(Rosales: Rosaceae) Environ Entomol 36:383-389 
Michalko R, Petráková L, Sentenská L, Pekár S (2017) The effect of increased habitat complexity 
and density-dependent non-consumptive interference on pest suppression by winter-
active spiders Agric, Ecosyst Environ 242:26-33 
Mitsch WJ, Day JW, Gilliam JW, Groffman PM, Hey DL, Randall GW, Wang N (2001) Reducing 
Nitrogen Loading to the Gulf of Mexico from the Mississippi River Basin: Strategies to 
Counter a Persistent Ecological Problem Ecotechnology—the use of natural ecosystems 
to solve environmental problems—should be a part of efforts to shrink the zone of 
hypoxia in the Gulf of Mexico Bioscience 51:373-388 
Morandin L, Long R, Pease C, Kremen C (2011) Hedgerows enhance beneficial insects on farms 
in California's Central Valley Calif Agric 65:197-201 
Nájera A, Simonetti JA (2010) Enhancing avifauna in commercial plantations Conserv Biol 
24:319-324 
Nentwig W (1988) Augmentation of beneficial arthropods by strip-management Oecologia 
76:597-606 
Nuzzo VA (1986) Extent and status of Midwest oak savanna: presettlement and 1985 Nat Areas 
J:6-36 
Paoletti M, Boscolo P, Sommaggio D (1997) Beneficial insects in fields surrounded by 
hedgerows in north eastern Italy Biological Agriculture & Horticulture 15:310-323 
Paredes D, Cayuela L, Campos M (2013a) Synergistic effects of ground cover and adjacent 
vegetation on natural enemies of olive insect pests Agric, Ecosyst Environ 173:72-80 
Paredes D, Cayuela L, Gurr GM, Campos M (2013b) Effect of non-crop vegetation types on 
conservation biological control of pests in olive groves PeerJ 1:e116 
13 
 
Paredes D, Cayuela L, Gurr GM, Campos M (2015) Is Ground Cover Vegetation an Effective 
Biological Control Enhancement Strategy against Olive Pests? PloS One 10:e0117265 
Parkin TB, Kaspar TC (2006) Nitrous oxide emissions from corn–soybean systems in the Midwest 
Journal of Environmental Quality 35:1496-1506 
Phalan B, Onial M, Balmford A, Green RE (2011) Reconciling food production and biodiversity 
conservation: land sharing and land sparing compared Science 333:1289-1291 
Rieux R, Simon S, Defrance H (1999) Role of hedgerows and ground cover management on 
arthropod populations in pear orchards Agric, Ecosyst Environ 73:119-127 
Robertson GP, Swinton SM (2005) Reconciling agricultural productivity and environmental 
integrity: a grand challenge for agriculture Front Ecol Environ 3:38-46 
Shepard M (2013) Restoration agriculture: real world permaculture for farmers. Acres USA,  
Silva E, Franco J, Vasconcelos T, Branco M (2010) Effect of ground cover vegetation on the 
abundance and diversity of beneficial arthropods in citrus orchards Bull Entomol Res 
100:489-499 
Simon S, Bouvier J-C, Debras J-F, Sauphanor B (2010) Biodiversity and pest management in 
orchard systems. A review Agronomy for Sustainable Development 30:139-152 
Stanek E, Wolz K, Lovell ST (2016) Preliminary modeling of light availability in a diverse 
agroforestry system using a spatially explicit forest simulator i-ACES 2:3-14 
Symondson W, Sunderland K, Greenstone M (2002) Can generalist predators be effective 
biocontrol agents? Annu Rev Entomol 47:561-594 
Tester JR (1989) Effects of fire frequency on oak savanna in east-central Minnesota Bulletin of 
the Torrey Botanical Club:134-144 
Theunissen J (1994) Intercropping in field vegetable crops: pest management by agrosystem 
diversification—an overview Pestic Sci 42:65-68 
Tittonell P (2014) Ecological intensification of agriculture—sustainable by nature Current 
Opinion in Environmental Sustainability 8:53-61 
Trenbath B (1993) Intercropping for the management of pests and diseases Field Crops Res 
34:381-405 
Tscharntke T et al. (2016) When natural habitat fails to enhance biological pest control–Five 
hypotheses Biol Conserv 204:449-458 
Tscharntke T, Klein AM, Kruess A, Steffan‐Dewenter I, Thies C (2005) Landscape perspectives on 
agricultural intensification and biodiversity–ecosystem service management Ecol Lett 
8:857-874 
Tuovinen T (1994) Influence of surrounding trees and bushes on the phytoseiid mite fauna on 
apple orchard trees in Finland Agric, Ecosyst Environ 50:39-47 
Veres A, Petit S, Conord C, Lavigne C (2013) Does landscape composition affect pest abundance 
and their control by natural enemies? A review Agric, Ecosyst Environ 166:110-117 
Wan N-F, Ji X-Y, Gu X-J, Jiang J-X, Wu J-H, Li B (2014) Ecological engineering of ground cover 
vegetation promotes biocontrol services in peach orchards Ecol Eng 64:62-65 
Weiser L, Obrycki J, Giles K (2003) Within-field manipulation of potato leafhopper (Homoptera: 
Cicadellidae) and insect predator populations using an uncut alfalfa strip J Econ Entomol 
96:1184-1192 
14 
 
Wright CK, Wimberly MC (2013) Recent land use change in the Western Corn Belt threatens 
grasslands and wetlands Proceedings of the National Academy of Sciences 110:4134-
4139 
Wyss E (1995) The effects of weed strips on aphids and aphidophagous predators in an apple 
orchard Entomol Exp Appl 75:43-49 
Wyss E (1996) The effects of artificial weed strips on diversity and abundance of the arthropod 
fauna in a Swiss experimental apple orchard Agric, Ecosyst Environ 60:47-59 
Wyss E, Niggli U, Nentwig W (1995) The impact of spiders on aphid populations in a strip‐
managed apple orchard J Appl Entomol 119:473-478 
Yue C, Alfnes F, Jensen HH (2009) Discounting spotted apples: investigating consumers' 
willingness to accept cosmetic damage in an organic product Journal of Agricultural and 
Applied Economics 41:29-46 
 
  
15 
 
 
CHAPTER 2 
EFFECTS OF SHRUB CROP INTERPLANTING ON APPLE PEST ECOLOGY IN AN AGROFORESTRY 
SYSTEM IN ILLINOIS 
Prepared for submission to Agriculture, Ecosystems, and the Environment  
HIGHLIGHTS 
 We evaluated the impact of a shrub crop layer on pest control in apples. 
 Raspberry shrubs hosted abundant pests and natural enemies. 
 Shrub composition had little effect on arthropods found in interplanted apple trees. 
 Shrub composition had no direct or indirect effect on pest damage rates in apples. 
 Interplanted shrub crops have no apparent benefits for pest control in tree crops.   
ABSTRACT 
Pest control by wild arthropods is an ecosystem service of particular value in fruit crops, which 
have low tolerance for pest damage and chemical control. Techniques to enhance this service, 
collectively referred to as conservation biological control, have often focused on flowering 
ground cover planted within orchards and woody hedgerows on field borders. However, natural 
enemies found in groundcover often do not disperse to woody tree canopies, likely due to 
differences in microhabitat preference. Conversely, while hedgerows can effectively provide 
natural enemies that prefer woody microhabitats, their impact diminishes away from field 
edges. Shrub crops interplanted within orchards could circumvent both problems, providing 
resources like nectar and alternate prey directly adjacent to crop trees for natural enemy 
species that prefer woody canopy habitats. In four plots at an agroforestry research site in 
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Illinois, we vacuum sampled arthropod communities and recorded vegetation characteristics 
and yield and pest damage on apples. Using generalized linear models and information 
theoretic model selection, we evaluated the effects of three shrub composition treatments 
(raspberries, hazelnuts, and both species together) on pest and natural enemy guilds in shrubs 
and interplanted apple trees, and on the frequency of pest damage on apples. Shrub 
composition was an important factor in predicting arthropod communities on shrubs. However, 
relative abundance of guilds differed substantially between shrubs and trees, indicating the 
habitats are less similar than anticipated, and shrub treatment had only minor impacts on 
arthropods in apple canopies. While two arthropod guilds in apple canopies were linked to pest 
damage frequency, neither was sensitive to changes in the shrub layer. Our results show that 
woody crop diversity does not inherently resolve the ecological complexities that impede 
existing conservation biological control approaches.  
KEYWORDS 
Agroforestry; Conservation biological control; Intercropping; Natural enemies; Polyculture; 
Structural diversity 
INTRODUCTION 
Polyculture agroforestry is based on the idea that increased woody crop diversity can shape 
ecological communities in ways that increase ecosystem services to farmers (Lovell et al., 2017). 
Insect pest mitigation is one frequently touted service, particularly important in systems that 
focus on sustainable fruit production (Simon et al., 2010), as fruits are held to high standards of 
quality that limit tolerable pest damage and pesticide residues. Augmenting populations of 
natural enemies (predators and parasitoids of pest species) through habitat modification, 
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known as conservation biological control, is an appealing strategy because it is both ecologically 
beneficial and requires minimal ongoing maintenance from farmers (Begg et al., 2016). Woody 
plant diversity near crops has been frequently proposed as a promising strategy for increasing 
conservation biological control (Simon et al., 2010; Paredes et al., 2015), but its potential 
remains largely speculative. 
Plant diversity strongly shapes insect communities, including pests and their enemies 
(Otte, 1976; Knops et al., 1999). Plant structural diversity and species richness positively affect 
arthropod community diversity and abundance (Haddad et al., 2001; Brose, 2003). Plant 
diversity alters herbivore communities directly through food availability and indirectly through 
various effects on natural enemy communities (Denno and Peterson, 2000; Denno et al., 2002), 
which benefit from more seasonally stable prey availability as well as alternate resources like 
pollen and nectar (Landis et al., 2000) and shelter from intra‐guild predation (Janssen et al., 
2007). Although the effects of plant diversity on insects have predominately been studied in 
annual crops (Letourneau et al., 2011), perennial crops may cause more pronounced effects. 
Perennial crops experience reduced disturbance to the natural enemy community associated 
with their management regimes, and their growth habits encompass a greater range of 
structural diversity. Polyculture agroforestry thus offers attractive new approaches for 
conservation biological control.  
In practice, however, the impact of plant diversification on pest outcomes is difficult to 
predict and conservation biological control efforts frequently have no effect on or even increase 
pest damage (Tscharntke et al., 2016). Efforts to leverage structural diversity to achieve 
conservation biological control in tree crops have focused primarily on groundcover vegetation 
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(Bugg and Waddington, 1994; Simon et al., 2010), and to a lesser extent, nearby natural woody 
vegetation and hedgerows (Morandin et al., 2011; Gareau et al., 2013; Paredes et al., 2013). 
Groundcover vegetation more effectively accumulates natural enemies than woody plants 
(Dong et al., 2005; Silva et al., 2010), but pest control benefits are inconsistent because natural 
enemies often fail to disperse into tree crops (Horton et al., 2009). A less-studied alternative is 
to accumulate natural enemies in other woody crops, like shrubs, which may attract arthropods 
more likely to disperse into tree crops. Hedgerows have higher predator-pest ratios than weedy 
herbaceous vegetation (Morandin et al., 2011; Gareau et al., 2013) and their arthropod 
communities more closely resemble those found in tree crops than in herbaceous groundcover 
(Tuovinen, 1994; Coli et al., 1994; Morandin et al., 2011). The effects of hedgerows on 
arthropod communities and pest damage diminish rapidly away from field edges, limiting their 
potential benefits (Debras et al., 2008). If shrub crops can serve some of the ecological 
functions of hedgerows while also providing a marketable product, they could mitigate the 
tradeoffs between yield and ecosystem services (Lovell et al., 2017). 
To evaluate the impact of shrub crops on biological control in tree crops, we studied 
three shrub crop assemblages interplanted with apple trees. We hypothesized that arthropod 
communities in shrubs will vary with shrub species composition (H1); the same shrub 
composition effects will be reflected in arthropod guild composition of neighboring apple trees 
(H2); raspberry and hazelnut shrub guild composition will be similar to apple guild composition 
(H3); and apple trees near shrub assemblages with more pests and fewer enemies will have 
more pest damage to fruit (H4).  
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MATERIALS AND METHODS 
Study Site  
This study was conducted at the two ha Woody Perennial Polyculture Research Site located on 
the campus of the University of Illinois Urbana‐Champaign, USA.  The site was planted in the 
spring of 2012 in a randomized complete block design that includes two treatments—corn‐soy 
rotation (the conventional control) and polyculture agroforestry—with four replicates per 
treatment (Figure 2.1). Each agroforestry block contains six rows of woody crops, alternating 
between two row types: chestnut trees (Castanea spp.) with red and black currant shrubs (Ribes 
spp.), and apple trees (Malus domestica) with raspberry (Rubus idaeus) and hazelnut (Corylus 
spp.) shrubs. Rows are 55‐m long, run east‐west, and are divided into 5‐m sampling sections. 
Alleys between tree rows are planted with a grass‐clover hay mix (Bromus inermis, Lolium X 
Festuca, Dactylis glomerata, Schedonorus phoenix, Phleum pratense, Trifolium pratense, and 
Trifolium hybridum), and were mowed and baled four times per growing season. No insecticides 
were applied during the study period (2015‐2016).  
In spring 2015, we experimentally manipulated shrub composition in each apple‐
raspberry‐hazelnut row. Rows were divided into thirds and randomly assigned to one of three 
treatments: remove hazelnut shrubs, remove raspberry shrubs, or no manipulation (Figure 2.1), 
producing vegetation types referred to as raspberry, hazelnut, and interplanted.  
Arthropod community data 
Arthropods were sampled on raspberry and hazelnut shrubs and apple trees in 2016. To assess 
arthropod abundance, 8 5‐m sections (of 18 possible) were randomly selected from each 
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raspberry/hazelnut treatment on each sampling day. Apple trees were divided into 15‐m 
sections aligned with the 3 shrub treatments and every section (n=21; sections include 1 to 4 
trees) was sampled on each sampling day. We used a modified leaf‐blower vacuum with a net in 
the intake tube (Wilson et al., 1993; Stewart and Wright, 1995) to sample each section for 45 
seconds, regardless of length or biomass present. We stored samples in a freezer until they 
could be sorted, transferred to ethanol, and counted. We grouped arthropods into five 
categories of natural enemies: parasitoids (Hymenoptera: Parasitica and Diptera: Phoridae) 
spiders, ants, predatory heteroptera (Anthocoridae, Nabidae, Reduviidae, and Pentatomidae: 
Podisus), and miscellaneous predators (Cantharidae, Lampyridae, Coccinellidae, Staphylinidae, 
Carabidae, Forficulidae, Syrphidae, Dolichopodidae, and Neuroptera); and three taxa of pests: 
Thrips (Thysanoptera), Spotted Wing Drosophila (Drosophila suzukii), and potato leafhopper 
(Empoasca fabae). Insects not in these categories were counted as “other insects.” Our final 
dataset included 7 sampling dates throughout the growing season, for a total of 161 samples 
(54 per treatment) in shrubs and 142 samples (48 per treatment) in trees.  
Vegetation data 
The biomass of raspberry and hazelnut plants within each five m section was evaluated using 
biometric data collected in November. On a random subset of hazelnut plants, we measured 
stem diameter with calipers, then cut and weighed aboveground vegetation. We used these 
values to calibrate an allometric correlation, which we used to estimate aboveground biomass 
from stem diameter measurements on the rest of the plants. To obtain raspberry biomass, we 
measured both stem diameter and aboveground biomass on a small subset of plants. We 
created a correlation between stem count and overall stem diameter, then another between 
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stem diameter and aboveground biomass. This allowed us to estimate biomass by counting 
raspberry stems rather than measuring each stem directly. Biomass estimates were summed at 
the five m section level. In order to determine the biomass present on the day each arthropod 
sample was taken, we consulted daily time lapse photos to estimate how much of the seasonal 
growth in each crop had occurred by that date. We multiplied the November biomass values for 
each section by that site‐wide proportion. For apple pest damage analyses, November biomass 
values were summed across the 3 5‐m sections in each 15‐m apple section. 
Weedy vegetation within rows was evaluated using two techniques: lateral cross‐section 
and percent cover. Both measurements were taken from every section no more than a week 
before or after each sampling date. Cross‐sectional area was determined by measuring the 
height of the highest leaf of a distinguishable clump of weeds and multiplying it by the width at 
the clump’s widest point. Then the areas of all rectangles within the five m section were 
summed. Percent cover data involved visually estimating the cover of forbs, grass, clover, bare 
ground, and litter within a five‐by‐two‐m rectangle using the Daubenmire cover classes system 
(Daubenmire, 1959). To calculate vegetation density within 15‐m apple sections, biomass and 
weed cross‐sectional area were summed across the 3 5‐m sections, while percent cover was 
averaged.  
Apples were harvested in the fall of 2016. For each apple tree, apples were counted, 
weighed, and evaluated for five types of pest damage and disease (see Figures A1‐5): catfacing 
(caused by herbivorous heteroptera), biting (caused by thrips feeding), codling moth bore holes, 
chewing (where insects with chewing mouthparts had expanded tissue damage associated with 
codling moth holes), and russeting (typically not caused by arthropods; included as a reference).  
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Statistical analysis 
We used a generalized linear model framework and AICc model selection to assess evidence for 
impacts of shrub composition on the arthropod community (Burnham and Anderson, 2002). To 
test the effect of shrub composition on arthropod guilds in shrubs (H1) and apple trees (H2), we 
analyzed 10 response variables, including total arthropod abundance, abundance of five 
predator and three pest guilds, and the abundance of other insects, in both raspberry/hazelnut 
shrubs and apple trees. Because our count data matched overdispersed Poisson distributions, 
each response variable was modelled using a negative binomial distribution and a log link 
function. A variable was analyzed only if sampled abundance exceeded 100 individuals 
(Calabuig et al., 2015) within a given vegetation type. We used a two‐stage hierarchical 
modelling process. In the first stage, we compared models for environmental and site traits like 
weed percent cover, weed area, temperature, ordinal date, and sampling location (Tables A.1‐
3). Apple tree biomass was also included as a candidate model for apple insect abundance. 
Variables within two AICc units of the top model were carried forward into every candidate 
model in the second stage (Anderson, 2007). We considered the model including only first stage 
variables the “null” model, representing no effect of shrubs. In the second stage, candidate 
model sets included shrub treatment as a categorical effect as well as biometric data for 
raspberry and hazelnut (Tables A.4‐5). Second stage model outputs were coded “null” if the null 
model was within two AICc units of the best‐fitting model. Otherwise, models comprising the 
top 90% of AICc weight were reported for each variable. To test the hypothesis that guild 
composition in shrubs would resemble that of trees (H3), guild composition was compared 
between treatments using the Jaccard index of dissimilarity (Jaccard, 1912). 
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To test the effects of shrub composition and arthropod guild abundance on pest damage 
(H4), frequency of each apple pest damage type was analyzed as a response variable using a 
binomial distribution and a logit link function. The analysis procedure was conducted in the 
same two‐stage process outlined above. First stage variables included site and vegetation 
variables as well as apple fruit count and mass, while second‐stage variables included shrub 
treatment and arthropod guild abundances in apples. Groundcover vegetation and arthropod 
guild abundances were averaged across the year while shrub biomass was taken from the end 
of the growing season. Shrub composition was modelled as both a categorical variable and a 
continuous variable using shrub biomass. 
All statistical analyses were conducted in R 3.3.1 (R Core Team, 2014). Jaccard index 
calculations were computed using the package vegan (Oksanen et al., 2007). Mixed models 
were calculated using the package MASS (Venables and Ripley, 2013) and compared with 
information theoretic model selection in the package bbmle (Bolker and Team, 2010). We 
estimated abundance and standard error using the lsmeans function (Lenth and Hervé, 2013). 
RESULTS 
We collected 5983 individual arthropods in 161 samples from raspberry‐hazelnut shrub sections 
and 2018 arthropods in 142 samples from apple trees. Collectively, those samples include 1117 
potato leafhoppers, 50 Spotted Wing Drosophila, 359 parasitoids, 1149 spiders, 247 ants, 140 
predatory heteroptera, 363 insects from miscellaneous predator taxa, and 4576 other insects. 
We did not analyze Spotted Wing Drosophila in either vegetation type due to insufficient 
abundance. Parasitoids, ants, and predatory heteroptera in apple samples were also discarded 
due to low abundance. Variables favored in the first model selection stage varied by guild and 
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vegetation type; ordinal date, soil moisture, and bare and litter percent cover were each favored 
in modelsets for multiple arthropod guilds (Tables 2.1‐2), while apple mass or count were 
favored in most apple damage frequency models (Table 2.3).  
The effect of shrub crop composition on shrub crop arthropods was supported in some 
guilds (H1). No evidence for an effect of shrub composition was found for parasitoids, spiders, 
ants, and miscellaneous predators (Table 2.1). However, shrub composition was the top model 
for potato leafhopper abundance and total abundance. The highest abundances were found in 
raspberry sections, the lowest in hazelnut sections, and interplanted falling somewhere in 
between (Figure 2.2). Raspberry and hazelnut biomass together comprised the best‐supported 
model for predatory heteroptera abundance and other insect abundance. Predatory 
heteroptera abundance was positively associated with raspberry biomass and negatively 
associated with hazelnut biomass (Figure 2.3) while other insect abundance was positively 
associated with biomass of both shrubs (Figure 2.4). Guild composition differed moderately 
between shrub treatments, with Jaccard dissimilarity coefficients ranging from 25% between 
hazelnut and interplanted to 32% between raspberry and hazelnuts and 42% difference 
between raspberry and interplanted sections.  
Shrub composition affected abundance of some guilds in apple trees, but no patterns 
were shared between shrubs and trees, and shrub treatment did not strongly differentiate guild 
composition (H2). In apple arthropod samples, the best fitting model for spider abundance was 
hazelnut biomass, while shrub treatment was the favored model for other insects (Table 2.2). 
No model ranked above the null for miscellaneous predator, potato leafhopper, or total 
arthropod abundance. Spider abundance was negatively correlated with hazelnut biomass 
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(Figure 2.5). Other insect abundance was similar in hazelnut and raspberry sections, but higher 
in interplanted sections (Figure 2.6). Guild composition did not differ substantially between 
shrub treatments, with Jaccard dissimilarity coefficients ranging from 18% between raspberry 
and hazelnuts to 24% between hazelnut and interplanted and 27% difference between 
raspberry and interplanted sections. The largest community composition difference was 
between raspberry/hazelnut shrubs and apple trees across all treatments, with a Jaccard 
dissimilarity coefficient of 55% (H3).  
Shrub treatment did not affect pest damage in apples (H4). No models of shrub 
composition were supported for any apple pest damage variables (Table 2.3). Two arthropod 
guilds were associated with two types of pest damage: catfacing frequency was negatively 
correlated with miscellaneous predator abundance, while bite damage frequency was positively 
correlated with thrips abundance. However, no arthropod guilds affected by shrub treatment in 
either shrubs or trees were associated with any changes in pest damage frequency. 
DISCUSSION 
We found that shrub species composition was a strong predictor of arthropod abundance 
across a variety of guilds (H1). While previous work has shown that arthropod abundance can 
increase with plant diversity (Russell, 1989; Knops et al., 1999), the ecology of specific plants is 
often more important (Unruh et al., 2012; Grettenberger and Tooker, 2016). Past research has 
shown that diversity of predators is higher in legume monocultures than in diverse plantings 
with no legumes (Koricheva et al., 2000). In our shrubs, raspberries drove abundance, possibly 
due to their higher density of palatable tissue than hazelnuts and higher growth rate overall. 
Abundance was thus high or intermediate to the extent that raspberries were present and low 
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where they were absent. This effect was observed in potato leafhopper, predatory heteroptera, 
and in the arthropod community as a whole. 
Potato leafhoppers are known to feed on both raspberries and apples, though they are 
rarely considered economically important pests of either crop (Lamp et al., 1994). Potato 
leafhoppers were the most abundant species sampled in both vegetation types, representing 
11% and 21% of individuals captured in raspberry/hazelnut shrubs and apple trees, respectively. 
Their abundance was predicted by soil moisture and shrub composition in shrubs and by weed 
area and no shrub‐related variables in apples, nearly the same pattern observed for total 
community abundance. This suggests that the species has a disproportionate impact on the 
community as a whole. However, the lack of model support for similar models in predators of 
potato leafhoppers indicates that their natural enemies are less responsive and the net effect is 
to increase pest density on the crop plant. 
Shrub crops have been suggested as promising alternatives to groundcover for 
enhancing pest control in tree crops in two recent reviews (Simon et al., 2010; Paredes et al., 
2015). Previous work suggests that arthropod communities in shrubs resemble those in tree 
crops more than groundcover communities do (Rieux et al., 1999; Morandin et al., 2011; 
Gareau et al., 2013). It follows that the natural enemies they accumulate might be more likely 
to disperse into tree crops and predate pests. Though we did not sample ground cover 
arthropod communities, our results demonstrate that shrub crop communities can differ 
substantially from tree crop communities (H3). This difference is likely responsible for the fact 
that shrub composition effects did not extend to neighboring apple trees (H2). Thus, despite 
their superficial resemblance, habitat dissimilarity may still be a limiting factor on the efficacy of 
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shrub crops as habitat features for conservation biological control in trees. In the absence of a 
shrub-free control treatment, however, we can’t exclude possible effects of shrubs on tree 
arthropods that didn’t vary by shrub composition.  
No effects of shrub composition, on apple arthropods or otherwise, altered rates of pest 
damage (H4). Two arthropod guilds in apples showed relationships with two different types of 
pest damage. The observed relationship between thrips abundance and bite damage frequency 
is consistent with the known ecology of thrips feeding on apples (Madsen and Jack, 1966). The 
strongly supported effect of miscellaneous predators on catfacing damage is consistent across 
the three most abundant taxa that form the miscellaneous predator guild, including Harmonia 
axyridis, Neuroptera, and Diptera: Dolichopodidae, though of these taxa only H. axyridis is 
known to control the Lygus bugs that cause catfacing (Fleischer and Gaylor, 1987). Regardless, 
because both thrips and miscellaneous predators in apple canopies showed no response to 
shrubs, these relationships do not support an effect of neighboring shrub composition on pest 
damage in apples. Changes to predator abundance that fail to alter pest abundance or damage 
frequency are a common outcome for conservation biological control efforts (Brown and Glenn, 
1999; Fréchette et al., 2008; Eilers and Klein, 2009; Markó et al., 2012). Our results show that 
shrub crops are not exempt from the need for specific ecological knowledge to successfully 
manipulate food webs to control pests in orchard crops. 
CONCLUSION 
Our results show that woody crop structural diversity is no more a panacea for conservation 
biological control than flowering groundcover (Simon et al., 2010), crop diversity (Letourneau et 
al., 2011), or neighboring natural habitat (Tscharntke et al., 2016). The composition and 
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diversity of a shrub crop affected pest and predator composition on their own branches, but 
lower‐than‐expected community similarity prevented the majority of those effects from 
propagating into nearby tree crops. While shrubs had some effect on arthropod guild 
composition in apples, their impacts were relatively marginal and did not affect the abundance 
of taxa linked to any type of pest damage. Our findings do not preclude the possibility that 
other shrub crop assemblages could contribute conservation biological control in other target 
crop trees or other bioregions. However, they support the consensus that conservation 
biological control has benefits for pest control only in cases where a target pest is responsive to 
a particular natural enemy guild that is in turn responsive to habitat modification (Begg et al., 
2016). Future research is warranted, but where possible it should focus on crop assemblages 
chosen to meet known habitat needs of natural enemies known to control economically 
important pests. Until such research identifies shrub crop elements that reliably reduce pest 
damage, advocates of multi‐strata agroforestry should emphasize that each of the many crops 
in their system will require the same monitoring and management activities standard in single‐
crop orchards.  
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FIGURES AND TABLES 
 
Figure 2.1 Layout of the Woody Perennial Polyculture Research Site. The lightly shaded box 
indicates the sampling area, excluding the outer rows of each block and the edges of each row. 
Numbers are meters from the west edge of the row. 
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(a) 
 
(b) 
Figure 2.2 Estimated average abundance per sample in shrubs for each raspberry and hazelnut 
shrub treatment with estimated standard error for (a) all arthropods and (b) potato leafhopper. 
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(a) 
 
(b) 
Figure 2.3 Estimated average abundance of predatory heteroptera per sample in shrubs as a 
function of (a) raspberry biomass  and (b) hazelnut biomass, with estimated standard error. 
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(a) 
 
(b) 
Figure 2.4 Estimated average abundance of other insects per sample in shrubs as a function of 
(a) raspberry biomass  and (b) hazelnut biomass, with estimated standard error. 
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Figure 2.5 Estimated average spider abundance per sample in apple trees as a function of 
nearby hazelnut biomass, with estimated standard error. 
 
 
Figure 2.6 Estimated average other insect (non‐pest herbivore and detritivore) abundance per 
sample in apple trees as a function of nearby hazelnut biomass, with estimated standard error. 
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Table 2.1 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in raspberry and hazelnut shrub samples. Dataset includes 161 samples. 
Guild N Null 
Variable 
Hypothesis Model ΔAICc Over 
Null 
Wi 
Parasitoids 292 Soil 
Moisture 
Null   
Spiders 872 Litter % 
Cover 
Null   
Ants 189 Ordinal 
Date 
Null   
Pred. 
Heteroptera 
121 Litter % 
Cover 
Raspberry BM+Hazelnut 
BM 
10.8 0.56 
   Hazelnut BM 9.9 0.36 
Misc. Predators 258 Ordinal 
Date 
Null   
Potato 
Leafhopper 
688 Soil 
Moisture 
Shrub 34.8 0.99 
Other Insects 3444 Ordinal 
Date 
Raspberry BM+Hazelnut 
BM 
21.5 0.52 
   Raspberry BM 21.0 0.40 
Total 
Abundance 
5983 Soil 
Moisture 
Shrub 22.7 0.91 
 
Table 2.2 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in apple tree samples. Dataset includes 142 samples. 
Guild N Null Variable Hypothesis Model ΔAICc Over 
Null 
Wi 
Spiders 277 Litter % 
Cover 
Hazelnut BM 5.1 0.69 
   Raspberry BM+Hazelnut 
BM 
2.7 0.20 
Misc. 
Predators 
105 Soil 
Moisture 
Null   
Potato 
Leafhopper 
429 Weed Area Null   
Other Insects 1037 Bare % 
Cover 
Shrub 3.0 0.57 
   Raspberry BM+Hazelnut 
BM 
0 0.13 
   Raspberry BM 0 0.13 
   Null 0 0.13 
Total 
Abundance 
2018 Bare % 
Cover 
Null   
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Table 2.3 Two‐stage hierarchical model selection results for apple pest damage type 
frequencies. Dataset includes 29 trees sampled and 101 apples. 
Damage Type N Null Variable Hypothesis Model ΔAICc Over 
Null 
Wi 
Undamaged 7 Apple Mass Hazelnut BM 7.7 0.75 
   Heteroptera 4.8 0.17 
Chewing 27 Block Null   
Biting 12 Forb % 
Cover 
Thrips 6.5 0.56 
   Other Insects 3.4 0.12 
   Ants 3.2 0.11 
   Misc. Predators 3.0 0.10 
   Parasitoids 0.3 0.06 
Codling Moth 48 None Null   
Russeting 15 Apple Count Null   
Catfacing 27 Apple Mass Misc. Predators 23.5 0.99 
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CHAPTER 3 
ARTHROPOD DISPERSAL TO SHRUB AND TREE CROPS AFTER MOWING IN AN ALLEY-CROPPING 
SYSTEM IN ILLINOIS 
Prepared for submission to Agroforestry Systems 
ABSTRACT 
Planting flowering groundcover in orchards is a popular habitat manipulation to attract natural 
enemies to control pest insects. Flowering groundcover often fails to reduce pest abundance 
and damage rates in tree crops because arthropod predators in groundcover vegetation exhibit 
limited dispersal into tree canopies. We tested two linked techniques for increasing dispersal: 
mowing and shrub crops. Mowing destroys groundcover and may cause arthropods to disperse 
into woody crops as refuge habitat. Shrub crops provide shelter and resources between 
groundcover and trees, which may facilitate dispersal to trees. To assess use of woody crops as 
refuge habitat, we sampled arthropod pests and enemies in 4 0.25‐ha plots in Illinois. We 
sampled in four shrub crop assemblages and two tree crop species before and after mowing. 
We found no evidence that mowing increased dispersal of any enemy guild into any woody 
crop, but it did cause higher abundance of potato leafhopper, a pest insect, in host woody 
crops. Shrub composition did not affect the impact of mowing on arthropods in tree crops. Our 
results show that mowing can increase dispersal to woody crops, but it chiefly increases 
dispersal of pest species to crop plants they feed on, and is thus likely to increase pest damage 
rather than decrease it.  
KEYWORDS 
Alley cropping, Conservation biological control, Mowing, Natural enemies, Polyculture, Refuge 
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INTRODUCTION 
Diversifying vegetation structure in orchards can reduce pest damage by providing resources to 
natural enemies that increase their abundance, diversity, and population stability, and in turn 
improve their ability to mitigate pest outbreaks (Altieri 1999; Landis et al. 2000; Simon et al. 
2010). Flowering groundcover in alleys between tree rows have been the most popular habitat 
modification for this purpose because they occupy unused space in orchards and don’t compete 
with tree crops (Bugg and Waddington 1994; Simon et al. 2010). Groundcover vegetation 
reliably accumulates diverse and abundant natural enemy communities (Bugg and Ellis 1990; 
Wyss 1996; Dong et al. 2005; Silva et al. 2010), but it frequently fails to improve pest damage 
outcomes in orchard crops (Eilers and Klein 2009; Markó et al. 2012; Wan et al. 2014).  
The ability of groundcover to effectively facilitate pest control can be impeded at several 
stages. Increases in predator abundance may not reduce pest abundance (Fréchette et al. 2008; 
Markó et al. 2012). Pest species also respond to groundcover, and in many cases their response 
may be stronger than that of natural enemies (Wyss 1996; Bell et al. 2006; Wan et al. 2014). The 
effectiveness of natural enemies may not be directly proportional to their abundance because 
of intraguild predation (Symondson et al. 2002; Michalko et al. 2017). Predators may also 
reduce pest abundance but simply fail to bring pests below economically unacceptable 
thresholds (Brown and Glenn 1999; Eilers and Klein 2009). Such obstacles require management 
of complex food webs and offer few simple solutions.  
One common bottleneck, dispersal of natural enemies from groundcover to trees, might 
be solved without detailed foodweb knowledge. Yet it has received relatively little attention in 
recent literature (McClure et al. 1982; Westigard et al. 1990; Flexner et al. 1991). Dispersal is 
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thought to be limiting when natural enemies in groundcover do not find tree crops to be viable 
habitat, whether because they are too exposed, resource‐poor, or simply different from their 
specific habitat needs (Horton et al. 2009). Mowing groundcover vegetation may induce 
dispersal by removing preferred habitat and causing arthropods to use tree crops as a refuge 
(Goller et al. 1997). Mowing causes some direct mortality to groundcover arthropods, but the 
majority of losses to abundance and diversity occur later, due to loss of groundcover as habitat 
(Buri et al. 2013). In pasture crops, leaving unmown strips provides a refuge for natural enemies 
and accelerates recolonization after mowing (Nentwig 1988; Weiser et al. 2003). Refuge strips 
are not an ideal solution in pasture crops because they can benefit pest species more than 
natural enemies, resulting in a net increase in pest:enemy ratios (Rakickas and Watson 1974). 
However, pests benefit because unmown strips are composed of the same plants as the mown 
vegetation, the pest’s host plant. Woody crops differ from herbaceous groundcovers in plant 
species as well as structure. Because herbivores are often more specialized feeders than 
predators, this reduces the likelihood that pests will benefit and favors natural enemies. In 
practice, the extent to which natural enemies will use woody crops as refuge habitat remains 
unclear. Although removal of groundcover weeds by herbicide has been shown to increase 
dispersal of predatory mites into tree canopies (Flexner et al. 1991), it is not clear whether 
mowing has the same effect, or how other taxa of arthropods respond.  
Another broadly-applicable technique to alter dispersal from groundcover to tree 
canopies is the addition of a shrub layer (Paredes et al. 2015). The presence of natural shrub 
vegetation, for instance, greatly amplifies the positive effect of planting groundcover on natural 
enemies in olive trees (Paredes et al. 2013b). There are several mechanisms by which shrub 
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crops could alter the dispersal dynamic between groundcover vegetation and tree crops. Since 
shrubs are intermediate in height and density between groundcover and tree canopies, they 
could act as a dispersal conduit between groundcover and trees and thus facilitate dispersal 
after mowing. Conversely, if shrubs are attractive refuge habitat for groundcover arthropods, 
they may act as a buffer that limits dispersal into tree canopies. Both effects hinge on the utility 
of shrub crops as refuge habitat for groundcover arthropods. This question has not been 
investigated and likely varies by shrub crop species composition and may impact pests and 
natural enemies differently. The net effect on pest abundance is thus difficult to predict. 
The goal of this study was to quantify the effects of mowing on arthropod abundance 
and guild composition in shrub and tree crops and evaluate their use as refuge habitat by 
groundcover arthropods. We hypothesized that arthropod abundance in both shrubs and trees 
would increase after mowing due to refuge habitat use by groundcover arthropods (H1). 
Because shrubs produce more biomass and provide more shelter than trees, we predicted that 
this increase would be more prevalent in shrubs than in trees (H2). Finally, because shrubs alter 
the space between groundcover and trees, we hypothesized that the effects of shrub 
assemblage would be mirrored in nearby trees due to facilitated dispersal (H3). 
MATERIALS AND METHODS 
Study Site 
Our study was carried out at the Woody Perennial Polyculture Research Site, a two ha plot at 
the University of Illinois Urbana‐Champaign, USA. In the spring of 2012, the site was planted in a 
randomized complete block design including four replicates of two systems: conventionally 
managed corn‐soy rotation and alley‐cropped polyculture agroforestry (Figure 3.1). In each 
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agroforestry block, there are six rows of shrub and tree crops separated by alleys of grass‐clover 
hay (Bromus inermis, Lolium X Festuca, Dactylis glomerata, Schedonorus phoenix, Phleum 
pratense, Trifolium pratense, and Trifolium hybridum). Crop rows alternate in composition, with 
odd rows consisting of apple trees (Malus domestica) with raspberry (Rubus idaeus) and 
hazelnut (Corylus spp.) shrubs while even rows contain chestnut trees (Castanea spp.) with red 
and black currant shrubs (Ribes spp.). Each row is oriented west‐east and runs for 55‐m, and is 
marked out at every 5‐m into sampling units. Alleys were mowed and baled four times during 
each growing season. No insecticides were applied during the study period (2015‐2016).  
Arthropod Sampling 
To assess the impact of mowing, sampling dates were paired, with one a week before and one a 
week after a mowing event. Mowing events were 35-53 days apart in our study seasons 
(average 43.67). Sampling dates spanned 3 to 50 days since mowing and averaged 25.6. We 
sampled arthropods on raspberry and hazelnut shrubs six times throughout the growing season 
in 2015. In 2016, sampling was expanded to include apple trees, chestnut trees, and currant 
shrubs, and was conducted on seven days. Equipment failure resulted in the loss of samples 
from one day in June 2016, so a second pair of sampling dates two weeks before and after 
mowing in July were added to compensate.  
The first and last row of each block and the first and last five m sections of each row 
were excluded from sampling to avoid edge effects. Shrubs were sampled in 5‐m units, while 
trees were sampled in 15‐m sections, randomly selected before each sampling date. Of 72 
potential raspberry/hazelnut sections, 18 were sampled in 2015 and 24 in 2016 (6 and 8 per 
treatment respectively). In 2016, every apple section was sampled (n=21, excluding 3 sections 
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with 100% apple mortality; 6‐8 per treatment). In chestnuts and currants, 12 sections each were 
sampled of a potential 24 and 72, respectively. We sampled each section, regardless of length or 
biomass, for 45 seconds using a modified leaf blower vacuum with a net in the intake tube 
(Wilson et al. 1993; Stewart and Wright 1995). Samples were stored in a freezer until vegetation 
was removed and arthropods were transferred to ethanol. Arthropods were grouped into five 
categories of natural enemies: parasitoids (Hymenoptera: Parasitica and Diptera: Phoridae), 
spiders, ants, predatory heteroptera (Anthocoridae, Nabidae, Reduviidae, and Pentatomidae: 
Podisus), and miscellaneous predators (Cantharidae, Lampyridae, Coccinellidae, Staphylinidae, 
Carabidae, Forficulidae, Syrphidae, Dolichopodidae, and Neuroptera); and three taxa of pests: 
thrips (Thysanoptera), Spotted Wing Drosophila (Drosophila suzukii), and potato leafhopper 
(Empoasca fabae). Any insects that did not fall into these categories were counted as “other” 
insects. 
Vegetation Sampling 
Because weeds alter the habitat quality of woody crop rows, non‐crop vegetation within apple 
rows was measured in 2016. Cross‐sectional area was measured as a proxy for weed biomass, 
while percent cover was used to assess composition. Both measurements were taken within a 
week of each sampling date. Cross‐sectional area was determined by measuring the height of 
the highest leaf of each distinguishable clump of weeds and multiplying it by the width at its 
widest point. Then the areas of all rectangles within the 5‐m section were summed. Percent 
cover data involved visually estimating the cover of forbs, grass, clover, bare ground, and litter 
within a five‐by‐two‐m rectangle using the Daubenmire cover classes system (Daubenmire 
1959). To calculate vegetation characteristics within 15‐m apple sections, weed cross‐sectional 
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area was summed, while percent cover was averaged. Mowing status was measured as days‐
since‐mowing rather than hay height to avoid confounding mowing with seasonal changes in 
hay growth rate. 
Statistical methods 
The effect of mowing on the abundance of each arthropod guild was assessed using a 
generalized linear model framework evaluated with AICc model selection (Burnham and 
Anderson 2002). To test the effect of mowing on arthropod abundance (H1), we analyzed 10 
guild abundance metrics as response variables in each vegetation type sampled. All response 
variables were modelled with a negative binomial distribution and a log link function. Analysis 
was conducted only when there were over 100 individuals of a guild in samples for a given 
vegetation type (Calabuig et al. 2015). Model selection was applied in a two‐stage hierarchical 
process. In the first stage, we compared models for site and environmental conditions like 
percent cover, weed area, temperature, ordinal date, and sampling location (Tables A.1‐2). First 
stage models for currants and chestnuts included temperature, date, and location models (Table 
A.6). Variables within two AICc units of the top model were carried forward into every candidate 
model in the second stage (Anderson 2007). We considered the model including only first‐stage 
variables the “null” model, representing no effect of mowing. Only days‐since‐mowing and the 
null model were included in second stage analyses for all vegetation types (Table A.7). Second 
stage model results were coded “null” if the null model scored less than two AICc units above 
the mowing model (Anderson 2007). Model selection was conducted separately for 2015 and 
2016. All statistical analyses were conducted in R 3.3.1 (R Core Team 2014). Models were 
calculated using the package MASS (Venables and Ripley 2013) and compared with information 
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theoretic model selection in the package bbmle (Bolker and Team 2010). We estimated 
abundance and standard error using the lsmeans function (Lenth and Hervé 2013).  
RESULTS 
In 2015, we collected 3903 individual arthropods in 100 samples from raspberry/hazelnut shrub 
sections. In 2016, we collected 5983 arthropods in 161 samples from raspberry/hazelnut shrub 
sections, 3646 arthropods in 82 samples from currant shrubs, 2018 arthropods in 142 samples 
from apple trees, and 1790 from 84 samples from chestnut trees. Collectively, the 2016 samples 
include 1963 potato leafhoppers, 134 Spotted Wing Drosophila, 168 thrips, 545 parasitoids, 
2196 spiders, 324 ants, 199 predatory heteroptera, 528 insects from miscellaneous predator 
taxa, and 7380 “other” insects. We did not include Spotted Wing Drosophila or thrips in any 
analyses due to insufficient abundance (N<100 in all vegetation types). For the same reason, 
parasitoids were not analyzed in apples and chestnuts, ants and predatory heteroptera were 
excluded in apples, chestnuts, and currants, and miscellaneous predators were excluded from 
chestnut and currant analyses. Variables favored in the first model selection stage varied by 
guild and vegetation type. Ordinal date, soil moisture, temperature, and bare ground and litter 
were each favored for multiple arthropod guilds (Tables 3.1‐5).  
We found variable support for use of shrubs and trees as refuge habitat after mowing 
(H1). Potato leafhopper abundance was positively affected by mowing in 2015 (Figure 3.2a) but 
not 2016, while “other” insect abundance was positively affected by mowing in 2016 but not 
2015 (Figure 3.2b). In raspberry and hazelnut shrub analyses, no evidence for an effect of 
mowing was found for parasitoids, spiders, ants, predatory heteroptera, miscellaneous 
predators, or total arthropod abundance (Tables 3.1‐2). In apple trees, spiders, miscellaneous 
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predators, and “other” insects were not affected by mowing (Table 3.3), while potato 
leafhopper and total abundance were positively affected by mowing (Figures 3.2c‐d). In currant 
shrubs, parasitoids, spiders, and potato leafhoppers showed no effect of mowing (Table 3.4), 
while “other” insects and total abundance were higher after mowing (Figures 3.2e‐f). In 
chestnut trees, spiders, “other” insects, and total abundance showed no effect of mowing 
(Table 3.5), but  potato leafhopper abundance was higher after mowing (Figure 3.2g). The 
duration of the effect varied, but abundance remained more than two standard errors above 
pre‐mowing values for 30‐42 days after mowing (Figure 3.2).  
Use of woody crops as refuge habitat by groundcover-dwelling arthropods after mowing 
did not vary consistently between trees and shrubs (Table 3.6; H2). The use of shrubs as refuge 
was expected to affect nearby tree crops by facilitating dispersal of arthropods into trees (H3). 
However, neither shrub-tree combination—raspberry/hazelnut and apple or currant and 
chestnut—showed the matching responses to mowing that would indicate such spillover 
effects.  
DISCUSSION 
Consistent with past studies, arthropod abundance at our site was higher in groundcover 
vegetation than in any other vegetation type (Kranz, personal observation). In every vegetation 
type we tested, we found that abundance of every guild either increased or remained constant 
after mowing. This indicates that woody crops do act as refuge habitat for some arthropods 
(H1), as previously documented in uncut hay (Stern et al. 1964; Weiser et al. 2003) and non‐
crop hedgerows (Burgio et al. 2004; Morandin et al. 2014). However, increased abundance was 
only seen in a pest species (potato leafhopper), the “other” insect guild, and overall abundance. 
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“Other” insects include non‐pest herbivores and detritivores, while total arthropod abundance 
is highly sensitive to changes in potato leafhopper and “other” insect abundance, the two most 
abundant guilds. Thus, the mowing refuge effect caused increased pest abundance in woody 
crops, but this effect was not matched by increases in any predatory guild, resulting in an 
increase in pest:enemy ratio rather than a decrease.  
As research has increasingly established the limitations of existing conservation 
biological control strategies like flowering groundcover, shrubs have been identified as one of 
the next promising approaches. A major review concludes that existing conservation biological 
control techniques are not capable of reducing pests below economic thresholds on their own, 
but suggests that interplanted shrubs may produce better results (Simon et al. 2010). Similarly, 
Paredes et al. (Paredes et al. 2015) review the existing literature on groundcover and olive pest 
control and conclude that groundcover is not effective alone, but could achieve pest control in 
combination with “perennial non‐crop vegetation surrounding or nearby the crop.” At the 
moment, such support for shrubs is largely speculative. Only one previous study has 
investigated pest and enemy dynamics in a three‐strata orchard, finding that groundcover and 
shrubs together increased natural enemy abundance in olive tree exponentially more than 
either treatment alone (Paredes et al. 2013). Our results, on the other hand, suggest that 
enthusiasm for shrubs should be tempered. Shrubs were superior to trees as refuge habitat for 
“other” insects, but pest abundance was better explained by feeding ecology than plant 
structure, and total abundance was inconsistent, responding in one shrub and one tree (H2). 
And while we can’t exclude a uniform effect of shrubs on dispersal into trees across shrub 
treatments in the absence of a shrub-free control treatment, we found no evidence that shrubs 
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had any effect on arthropod dispersal between groundcover vegetation and trees (H3).  
In our system, mowing increased the density of pests and other herbivorous insects in 
high-value fruit and nut crops, while the abundance of natural enemies was not affected. The 
effect is thus a potentially damaging byproduct of normal management activities in 
agroforestry systems with hay alleys. It is unclear to what extent this pattern is generalizable to 
other systems, but it is noteworthy that our most abundant pest taxa, potato leafhopper, 
responded positively to mowing in every vegetation type except currant shrubs. Potato 
leafhoppers are generalist herbivores that feed on clover, raspberry, apple, chestnut, and a 
variety of weeds (Lamp et al. 1994), but they are not known to feed on currants. Our finding is 
consistent with previous research in homogenous hay vegetation: when parts of the habitat are 
mown, pest herbivores move into remaining palatable vegetation (Rakickas and Watson 1974). 
It appears that the difference between woody and herbaceous plants is not a barrier to use by a 
generalist herbivore, and that any viable host plant can function as refuge habitat. Pest host 
range thus provides a useful heuristic for identifying pests that may require more proactive 
monitoring in existing systems and anticipating probable interactions between shrubs and 
mowing hay on pest dynamics in novel crop combinations.  
While our findings predict a net increase in pest abundance after mowing, this effect 
does not exist in isolation. Our results for guilds and vegetation types affected by mowing show 
the generalized linear model function for days since mowing, all other factors affecting 
abundance held equal. It depicts a cycle of mowing that repeats every 48 days. First, abundance 
increases after mowing as arthropods seek refuge in the woody crop. Over time, abundance 
declines, in part due to movement back into the groundcover as hay plants grow back, and 
50 
 
perhaps in part because carrying capacity of woody crops is exceeded by migrants, so some 
arthropods die or leave the refuge. At the next mowing event, the cycle repeats. But the 
practical effect of this increase in abundance can be masked by larger seasonal trends not 
visible in the idealized models shown in Figure 3.2. In our system, for example, the spring 
migration of potato leafhoppers from the Southern US (Carlson et al. 1992) is associated with 
increased abundance in all crops regardless of mowing status. Furthermore, dispersal induced 
by mowing is subject to diminishing returns: more frequent mowing would decrease the 
abundance of arthropods accumulated in the alley, and thus reduce the number of arthropods 
moving to woody crops as refuge habitat. A relatively high mowing frequency would thus likely 
eliminate the short-term increases in pest abundance associated with mowing events (Horton 
et al. 2003).  
CONCLUSION 
Groundcover plantings of forage crops are a common strategy to increase income and improve 
soil quality in agroforestry systems (Alley et al. 1998; Delate et al. 2005; Hussain et al. 2009). 
However, these groundcover crops can have both positive and negative effects on the pest 
ecology of tree crops, and those effects can be altered by common management activities like 
mowing and planting shrub crops. We found that woody crops were used as refuge by 
arthropods in groundcover vegetation for four to six weeks after mowing, but the effect was not 
modulated by shrub composition. Further, refuge use after mowing was primarily observed in 
pest insects and in crop plants they can feed on, while natural enemies were not affected in our 
system. Thus, in the short term, mowing is more likely to increase pest damage than mitigate it.  
These findings suggest that recent enthusiasm for shrubs as strategy to amplify 
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conservation biological control from groundcover may be overstated. Future research should 
identify generalist pests woody crops share with alley plants, and crop combinations with few 
shared herbivores may be the most promising for conservation biological control. Our results 
are also relevant to farmers who incorporate hay or forage crops into orchards with no intention 
of affecting pest damage. Agroforestry plantings that include both hay and woody crops face a 
potential tradeoff, rather than a synergy, between management activities in these two 
elements. While structurally diverse agroforestry remains a promising approach for reconciling 
economic and environmental goals (Jose 2009; Molnar et al. 2013; Lovell et al. 2017), it is 
important to highlight such tradeoffs and help farmers optimize them. 
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FIGURES AND TABLES 
 
 
Figure 3.1 Layout of the Woody Perennial Polyculture Research Site. The lightly shaded box 
indicates the sampling area, excluding the outer rows of each block and the edges of each row. 
Numbers are meters from the west edge of the row.  
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Figure 3.2 Estimated mean abundance per sample of arthropods as a function of days since 
mowing with estimated standard error in guilds and vegetation types for which model selection 
supported an effect of mowing. Results in (a) are from 2015 while all other results are from 
2016.  
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Table 3.1 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in 2015 raspberry and hazelnut shrub samples. Dataset includes 100 samples. 
 
Guild N Null 
Variable 
Hypothesis Model ΔAICc Over 
Null 
Wi 
Parasitoids 192 Ordinal 
Date 
Null   
Spiders 379 Soil 
Moisture 
Null   
Pred. 
Heteroptera 
134 Soil 
Moisture 
Null   
Misc. Predators 151 Ordinal 
Date + Soil 
Moisture 
Null   
Potato 
Leafhopper 
733 Ordinal 
Date 
DSM 2.6 0.79 
Other Insects 2196 Ordinal 
Date 
Null   
Total 
Abundance 
3903 Ordinal 
Date 
Null   
 
Table 3.2 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in 2016 raspberry and hazelnut shrub samples. Dataset includes 161 samples. 
 
Guild N Null 
Variable 
Hypothesis Model ΔAICc Over 
Null 
Wi 
Parasitoids 292 Soil 
Moisture 
Null   
Spiders 872 Litter % 
Cover 
Null   
Ants 189 Ordinal 
Date 
Null   
Pred. 
Heteroptera 
121 Litter % 
Cover 
Null   
Misc. Predators 258 Ordinal 
Date 
Null   
Potato 
Leafhopper 
688 Soil 
Moisture 
Null   
Other Insects 3444 Ordinal 
Date 
DSM 3.3 0.84 
Total 
Abundance 
5983 Soil 
Moisture 
Null   
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Table 3.3 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in 2016 apple tree samples. Dataset includes 142 samples. 
 
Guild N Null Variable Hypothesis Model ΔAICc Over 
Null 
Wi 
Spiders 277 Litter % 
Cover 
Null   
Misc. Predators 105 Soil 
Moisture 
Null   
Potato 
Leafhopper 
429 Weed Area DSM 18.8 1.00 
Other Insects 1037 Bare % 
Cover 
Null   
Total 
Abundance 
2018 Bare % 
Cover 
DSM 5.4 0.93 
 
Table 3.4 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in 2016 currant shrubs. Dataset includes 82 samples. 
 
Guild N Null Variable Hypothesis Model ΔAICc Over Null Wi 
Parasitoids 106 Temperature Null   
Spiders 776 Ordinal Date Null   
Potato 
Leafhopper 
394 Soil Moisture Null   
Other Insects 2066 Ordinal Date DSM 2.3 0.76 
Total 
Abundance 
3646 Ordinal Date DSM 3.3 0.84 
 
Table 3.5 Two‐stage hierarchical model selection results for each guild with over 100 individuals 
(N) in 2016 chestnut trees. Dataset includes 84 samples.  
 
Guild N Null Variable Hypothesis 
Model 
ΔAICc Over Null Wi 
Spiders 271 Temperature Null   
Potato 
Leafhopper 
452 Ordinal Date DSM 2.7 0.80 
Other Insects 833 Ordinal Date Null   
Total 
Abundance 
1790 Ordinal Date Null   
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Table 3.6 Summary of tests from 2015 (Rasp/Hazel only) and 2016 (all vegetation types) of the 
effect of mowing, by vegetation type, for each arthropod guild counted. NA indicates fewer than 
100 individuals of a guild in a vegetation type, so no analyses were conducted. 0 indicates the 
null model was supported over mowing models.  + indicates mowing models were favored over 
null models and abundance increased after mowing. No guilds showed a decrease after 
mowing.  
 
 Shrub Tree  
Guild  
Raspberry/Hazelnut 
(2015, 2016) Currant Apple Chestnut 
Parasitoids 0, 0 0 NA NA 
Spiders 0, 0 0 0 0 
Ants 0, 0 NA NA NA 
Predatory Heteroptera 0, 0 NA NA NA 
Miscellaneous Predators 0, 0 NA 0 NA 
Spotted Wing Drosophila NA, NA NA NA NA 
Thrips NA, NA NA NA NA 
Potato Leafhoppers +, 0 0 + + 
Other 0, + + 0 0 
Total 0, 0 + + 0 
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CHAPTER 4: CONCLUSION 
This research was conducted as part of a broader effort to understand and improve the 
economic and ecological utility of polyculture agroforestry in the Midwest. The primary 
objective of my research was to evaluate the common claim, implied or explicit, that pest 
management in highly diverse agroforests would be easier and cheaper than more simplified 
agroecosystems because of its resemblance to historic and naturally organized ecosystems. My 
results do not preclude the possibility that such a system could have benefits for pest control 
under some circumstances. However, they do suggest that pest damage is more likely to be 
increased or unchanged than mitigated, and promising potential benefits from existing designs 
would be misleading. To the contrary, because each crop in a diverse agroforestry system has 
its own unique complex of insect pests to be monitored and managed, in addition to potential 
interactions, pest control may be a more onerous burden for polyculture farmers than it is in a 
monoculture orchard.  
I evaluated two potential mechanisms for enhanced pest control in polyculture 
agroforests: shrub interplanting and mowing. In the second chapter, I investigated the effect of 
interplanting shrub crops on pest control in adjacent fruit trees. While shrubs are capable of 
accumulating natural enemies, and shrub composition can be varied to augment that capability, 
the guild composition of arthropods in shrubs does not resemble the community found in tree 
crops. Neighborhood effects of shrub composition on arthropod community in trees are 
limited, and have no effect on pest damage or the abundance of guilds linked to causing or 
preventing damage. The third chapter showed that both shrub and tree crop rows in an alley 
cropping system can act as refuge habitat for arthropods living in alley groundcover. However, 
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only pest insects and other herbivores were seen to use woody crops as refuge, so mowing 
serves to concentrate pests in woody crops rather than facilitating dispersal of natural enemies.  
While my study site was only in its fourth growing season during my field season, pest 
outcomes and interactions are not likely to improve as the system matures. As tree crops 
mature, they will grow more distant from shrubs and groundcover in space and in structure. 
The community differences that seem to impede the movement of natural enemies into tree 
crops are thus only likely to become more extreme. Larger tree canopies may be able to 
support a larger and more stable community of natural enemies, but the same is true of pests. 
There is no evidence that a mature system will achieve a stable balance of pest and predator 
populations that keeps pest damage below a level acceptable to farmers.  
For farmers, designers, and advocates of polyculture agroforestry in the Midwest, the 
overall message of this research is that pest management is best framed as a cost, not a 
benefit, of complexity. Every species added to a farm brings its own community of pests to be 
managed. For optimal profit, each of these requires its own program of Integrated Pest 
Management. Some pests are specialists on a particular crop, and every one adds its own 
unique monitoring and management burden. Others are generalists shared across multiple 
components of the system, permitting a simple site-wide monitoring program but vulnerable to 
interactions between crops that may make management more difficult by providing refuge 
from insecticides and natural enemies or simply increasing baseline abundance. Pest 
management activities do not impede or outweigh the substantial ecological benefits of 
polyculture agroforestry. However, they increase the mental challenge of operating an 
agroforestry farm and the economic costs involved in running one for profit.  
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My research suggests a few ways that designers can reduce the added burden of pest 
control in a polyculture agroforestry system. Because the burden of pest management is 
cumulative, crops that are tolerant or immune to pest damage are highly desirable. In our 
system, for instance, currants are harvested before Spotted Wing Drosophila, a highly damaging 
and difficult-to-manage generalist pest, emerges and begins damaging fruit. Hazelnuts have no 
significant pests present in the region, though that may change if they are more widely 
adopted. Hay crops rarely suffer economically meaningful damage from insect pests. Relying on 
such crops for as much of the system as possible allows farmers to focus on one or two crops 
that are highly vulnerable to pests, like apples, raspberries, or grapes. On the other hand, 
tolerant crops can be hosts for generalist pests that cause more severe damage on other crops. 
Potato leafhopper feeding causes minimal leaf damage and no detectable reduction in yield or 
growth in hay, currants, and raspberries, but causes yellowing and curling in chestnut leaves.  
In addition to normal IPM scouting and management for pests on vulnerable crops, 
farmers should be aware of pests shared by several crops and be alert for changes after 
management activities. Mowing or harvesting alley crops is a common management technique 
that may have unexpected effects on nearby woody crops, as shared pests use them as refuge 
and temporarily increase in abundance. If scouting after mowing indicates this is causing a 
problem in woody crops, mowing alleys more frequently may reduce the number of individuals 
seeking refuge after mowing by reducing the baseline abundance of pests in the system. 
Herbicide or insecticide applications could also prompt dispersal into other crops.  
The limitations my site’s experimental design leave a variety of opportunities for future 
research. While I found no evidence of a beneficial effect of a shrub layer, without a shrub-free 
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treatment, it is impossible to exclude an effect that was uniform across all treatments. Further, 
other combinations of shrub species and tree crops may offer better odds at achieving pest 
control. The most productive avenue is likely to be identifying economically important pests 
with natural enemies known to control their populations, and then choosing shrub crops that 
provide known habitat needs for that species. For instance, wild rose and strawberry plants 
increased the incidence of parasitism on orchard leafrollers by providing alternate hosts for 
parasitoids. Similarly, the lack of control treatments with no mowing make my finding that 
arthropods use shrubs as refuge habitat somewhat tentative. There remain a variety of open 
questions about the relationship between alleys and shrub and tree crops, including how 
infrequent mowing for hay compares to no mowing or very frequent mowing; whether another 
groundcover, like prairie or a more diverse set of non-native flowering plants, would favor 
natural enemies; and how alley crops like corn, soy, or grains affect the ecology of arthropods 
on woody crops.  
Until future research finds a plant assemblage that demonstrates reliable and 
economically meaningful reductions in pest damage, it behooves no one to lead potential 
adopters to believe pest control will be easy in these systems. Polyculture agroforestry could be 
a very helpful solution to pressing environmental problems, but achieving its potential requires 
an economically sustainable model built on concrete solutions to common obstacles. My 
research tempers some unrealistic optimism about the function of these systems while pointing 
to existing pragmatic solutions that are more likely to foster such a sustainable model.  
64 
 
APPENDIX A: APPLE PEST DAMAGE TYPE EXAMPLES 
 
Figure A.1 Catfacing damage on apple. 
 
Figure A.2 Thrips feeding damage on apples. 
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Figure A.3 Codling moth feeding damage on apples. 
 
Figure A.4 Chewing damage on apple. 
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Figure A.5 Russeting on apple. 
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APPENDIX B: COMPLETE MODELSETS 
 
Table A.1 Modelset tested in first stage model selection in raspberry/hazelnut shrub arthropod 
guild abundance analysis. 
 
Model Variables 
Intercept Only 
Ordinal Date 
Temperature 
Soil Moisture (block average) 
Weed Cross‐sectional Area 
Litter % Cover 
Graminoid % Cover 
Bare % Cover 
Forbs % Cover 
Fabaceae % Cover  
Block 
Row 
Meter 
 
Table A.2 Modelset tested in first stage model selection in apple tree arthropod guild 
abundance analysis. 
 
Model Variables 
Intercept Only 
Ordinal Date 
Temperature 
Soil Moisture (block average) 
Weed Cross‐sectional Area 
Litter % Cover 
Graminoid % Cover 
Bare % Cover 
Forbs % Cover 
Fabaceae % Cover  
Block 
Row 
Meter 
Apple Tree Biomass 
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Table A.3 Modelset tested in first stage model selection in apple fruit damage rate analysis. 
 
Model Variables 
Intercept Only 
Apple Count 
Apple Total Mass 
Apple Average Mass 
Apple Tree Biomass 
Weed Cross‐sectional Area 
Litter % Cover 
Graminoid % Cover 
Bare % Cover 
Forbs % Cover 
Fabaceae % Cover  
Block 
Row 
Meter 
Block+Row+Meter 
 
Table A.4 Modelset tested in second stage model selection in raspberry/hazelnut shrub and 
apple tree arthropod guild abundance analysis testing the effects of shrub composition. [Null] 
represents the variable from the top model in the first stage of model selection. 
 
Model Variables 
Intercept Only 
[Null] Only 
Shrub Treatment and [Null] 
Raspberry Biomass and [Null] 
Hazelnut Biomass and [Null] 
Raspberry Biomass, Hazelnut 
Biomass, and [Null] 
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Table A.5 Modelset tested in second stage model selection in apple fruit damage rate analysis 
testing the effects of shrub composition and arthropod guild abundance. [Null] represents the 
variable from the top model in the first stage of model selection. 
 
Model Variables 
Intercept Only 
[Null] Only 
Shrub Treatment and [Null] 
Raspberry Biomass and [Null] 
Hazelnut Biomass and [Null] 
Parasitoids and [Null] 
Ants and [Null] 
Heteroptera and [Null] 
Spiders and [Null] 
Miscellaneous Predators and [Null] 
Thrips and [Null] 
Potato Leafhoppers and [Null] 
“Other” insects and [Null] 
 
Table A.6 Modelset tested in first stage model selection in currant shrub and chestnut tree 
arthropod guild abundance analysis. 
 
Model Variables 
Intercept Only 
Ordinal Date 
Temperature 
Block 
Row 
Meter 
Block+Row+Meter 
Soil Moisture (block average) 
 
Table A.7 Modelset tested in second stage model selection in raspberry/hazelnut and currant 
shrub and apple and chestnut tree arthropod guild abundance analysis testing the effects of 
mowing. [Null] represents the variable from the top model in the first stage of model selection. 
 
Model Variables 
Intercept Only 
[Null] Only 
Days Since Mowing and [Null] 
 
 
 
